Catecholamines can suppress production of inflammatory mediators in different cell types, including airway epithelium, but downstream signaling mechanisms involved in regulation of these antiinflammatory effects are largely unknown. We theorized that acute ␤ 2 -adrenergic stimulation of airway epithelial cells with albuterol could suppress the production and release of inflammatory mediators, specifically granulocyte macrophage-colony stimulating factor (GM-CSF) via a pathway involving inducible nitric oxide synthase (iNOS). Normal human bronchial epithelial (NHBE) cells in primary culture were exposed to a cytokine mixture (10 ng/ml each IFN-␥ and IL-1␤) to induce iNOS expression. (R)-and (S)-enantiomers of albuterol, as well as racemic mixtures, were added with these cytokines, and effects on GM-CSF expression and production were assessed. Specific inhibitors and activators of protein kinases (PKs), ␤ 2 -adrenergic receptor antagonists, and small interfering RNAs against iNOS were used to delineate signaling pathways involved. iNOS message was significantly upregulated in a concentrationdependent manner by the active (R)-enantiomer of albuterol. (R)-albuterol also attenuated cytokine-induced increases in GM-CSF steady-state mRNA expression and protein release. The (S)-enantomer of albuterol had no effect on these parameters. PKC, specifically, the ␦ isoform, was required for iNOS message increase, but PKA and PKG were not involved in the pathway. Overall, this study identifies a novel pathway by which ␤ 2 -adrenergic agonists may exhibit antiinflammatory effects in airway epithelium and surrounding milieu.
As the first line of defense against inhaled pathogens, irritants, and environmental particulates, airway epithelium plays a critical role in coordinating inflammatory responses. A prominent mechanism by which airway epithelial cells regulate inflammatory responses is through the pluripotent radical, nitric oxide (NO). Airway epithelial cells in vivo uniquely express the inducible isoform of NO synthase (iNOS) constitutively (10) . In these cells, iNOS appears to be involved intimately in local inflammatory responses, as it is upregulated in response to injury (11) or by exposure to proinflammatory cytokines, such as TNF-␣, IL-1␤, or IFN-␥ (12) (13) (14) . There is some controversy as to whether iNOS activity is beneficial or detrimental in inflamed airways. Mice that have been genetically altered so as to not express the iNOS gene exhibit enhanced susceptibility to ovalbumin (OVA) challenge, with increased fibrosis and inflammation compared with wild-type OVA-challenged mice (15) . Conversely, patients with asthma have increased levels of peroxynitrite, an active and potentially toxic reactive nitrogen species that forms in the presence of NO and superoxide (16) . Increased peroxynitrite in the lung can significantly enhance airway inflammation (17) . Thus, NO can elicit differing effects depending on production, location, metabolite formation, and antioxidant contribution.
Interestingly, NOS expression and activity increase in bronchial epithelium in response to ␤-adrenergic agonists in both rats and dogs (18, 19) . As NO can attenuate production of the proinflammatory cytokine, GM-CSF, in bronchial epithelial cells (20) , it is possible that ␤ 2 -adrenergic agonists elicit some of their antiinflammatory properties through an iNOS-mediated pathway. The present study examines the effects of the short-acting ␤ 2 -adrenergic agonist, (R)-albuterol, on expression of iNOS in primary cultures of normal human bronchial epithelial (NHBE) cells in vitro. The results indicate that cytokine-induced expression of iNOS is enhanced by the (R)-enantiomer of albuterol in these cells. (R)-albuterol also suppresses cytokine-induced expression of GM-CSF, and this suppression is attenuated if iNOS is inhibited, suggesting that (R)-albuterol's antiinflammatory effects may be mediated by NO. Additional studies demonstrated that (R)-albuterol-mediated enhancement of iNOS expression requires protein kinase (PK) C, but not PKA or PKG, activity.
MATERIALS AND METHODS

Primary Culture of NHBE Cells
Expansion and cryopreservation of NHBE cells were performed as described previously (21) . After expansion, passage-2 NHBE cells were seeded on plastic 6-or 12-well culture plates at a density of 1.0 ϫ 10 4 cells/cm 2 . Medium (modified bronchial epithelial cell basal medium) was changed every other day until cultures were 80-90% confluent, at which time the cells were incubated in medium, from which bovine pituitary extract and human recombinant epidermal growth factor were removed for 24 h to force cells into a quiescent, nonproliferative state. Confluent cultures were then used for the experiments described subsequently here. Unless otherwise described, agents added to cells were prepared in warmed (37ЊC), serum-free medium before addition to the culture surface. See the online supplement for treatment details.
TaqMan Real-Time RT-PCR
Total RNA was isolated from culture lysates using an RNeasy Mini Kit according to the manufacturer's instructions (Qiagen, Valencia, CA). Each sample was treated with RNase-free DNase for 15 min to reduce genomic DNA contamination. One microgram of RNA from each sample was reverse-transcribed using an iScript cDNA synthesis kit according to recommended thermal conditions (Bio-Rad, Hercules, CA). Real-time PCR, using a hydrolysis probe, was performed as described previously (22) . Primer and probe sequences were designed using Beacon Designer software (Premier Biosoft, Palo Alto, CA) based on published mRNA sequences for human iNOS, GM-CSF, and ␤-actin obtained from the National Center for Biotechnology Information sequence online database (www.ncbi.nlm.nih.gov). Relative quantification of targets, normalized to ␤-actin message, was achieved according to a method described by Peirson and colleagues (23) . See the online supplement for additional details.
GM-CSF ELISA
GM-CSF protein released from NHBE cells was assayed with a commercially available enzyme-linked immunosorbent assay (BDBiosciences, San Diego, CA) according to the manufacturer's instructions. GM-CSF values were normalized to total protein (Bradford method; Bio-Rad).
NHBE Transfection and RNA Silencing
NHBE cells were transfected using a 0.45% final concentration of fugene 6 transfection reagent (Roche, Indianapolis, IN). To silence Figure 1 . Exposure to 10 ng/ml each of TNF-␣, IL-1␤, and IFN-␥ (cytomix) upregulates inducible nitric oxide synthase (iNOS) and granulocyte macrophage-colony stimulating factor (GM-CSF) message in normal human bronchial epithelial (NHBE) cells. iNOS and GM-CSF message were measured after total RNA isolation using TaqMan realtime RT-PCR and normalized to ␤-actin message. (a ) iNOS message levels rise at 6 h and peak after ‫ف‬ 12 h of cytomix exposure, then fall to barely detectable levels by 48 h. ** Significantly increased iNOS expression (P Ͻ 0.001);
† significantly less iNOS expression than 6 and 12 h cytomix exposure (P Ͻ 0.01; † † P Ͻ 0.001; § P Ͻ 0.001). (b ) GM-CSF message levels rise slightly after initial cytomix exposure, then rise by nearly 15-fold after 48 h. * Significantly greater than constitutive iNOS expression (P Ͻ 0.05); ** significantly greater iNOS expression than any other time point (P Ͻ 0.001). All data are presented as mean Ϯ SEM (n ϭ 6).
iNOS message, 225 nM annealed 21-bp small interfering RNA (siRNA; catalog no. 8678; Ambion, Austin, TX) was added during the transfection procedure. Transfection was optimized from the manufacturer's general protocol. Additional control cultures were exposed to scrambled siRNA (catalog no. 4611; Ambion) or transfection reagent alone. For complete details, see the online supplement.
PKC Activity Assay
PKC activity was assessed using a PepTag (Promega, Madison, WI) assay for nonradioactive detection of PKC, following the manufacturer's protocol. Reaction mixtures were separated on 0.8% agarose gels, and phosphorylated peptides were quantified by Labworks image acquisition and analysis software (Ultra Violet Products, Ltd., Upland, CA). Values were extrapolated from a linear standard curve based on a series dilution of purified PKC supplied with the kit (0-20 ng). For details of additional studies with PKC-related reagents, see the online supplement.
Cytotoxicity Assay
All reagents were tested for cytotoxicity to NHBE cells by measuring lactate dehydrogenase release/retention. The assay was performed using a commercially available kit (Promega) according to the manufacturer's instructions. All treatments shown in this study elicited lactate dehydrogenase release comparable to that of nontreated cultures (3-7%), and therefore were not considered cytotoxic.
Statistical Analysis
Data were analyzed for significance using one-way ANOVA with Tukey's post-test for multiple comparisons or Student's t test. Data were considered significant at P Ͻ 0.05.
RESULTS
IL-1␤ ؉ IFN-␥ Increases iNOS Message in NHBE Cells
To mimic proinflammatory conditions, NHBE cells were exposed to a cytokine mixture ("cytomix": 10 ng/ml each of TNF-␣, IL-1␤, and IFN-␥) over a time course of 0-48 h. iNOS message was induced after 6 h of cytomix exposure, peaked at ‫ف‬ 12 h, and then fell to near-undetectable levels by 48 h (Figure 1a ). Cytomix exposure also increased GM-CSF message after 1 h, but then seemed to decrease it slightly over the next 12-h period. At 24 h, GM-CSF production began to rise again, and, at 48 h, GM-CSF message levels were ‫ف‬ 15-fold higher than the 6-h level Figure 2 . A combination of IL-1␤ ϩ IFN-␥ elicits greatest synergistic upregulation of iNOS transcription in NHBE cells. Cells were exposed to combinations of TNF-␣, IL-1␤, and IFN-␥, all at 10 ng/ml, for 12 h. iNOS message was normalized to ␤-actin message. The combination of the cytokines IL-1␤ ϩ IFN-␥ induced the highest levels of iNOS transcription. Data are presented as mean Ϯ SEM (n ϭ 3). * Significantly greater expression compared with all other treatments (P Ͻ 0.001); † significantly greater than cytomix-induced expression (P Ͻ 0.01). and 10-fold higher than the 24-h level (Figure 1b) . To determine the optimal cytokine mixture that would synergistically induce iNOS message in NHBE cells, different combinations of cytokines were tested. The combination of IL-1␤ and IFN-␥ induced the highest levels of iNOS expression (Figure 2 ), so the combination of 10 ng/ml IL-1␤ and 10 ng/ml IFN-␥ (IL-1␤ ϩ IFN-␥) was Ϫ6 M (R)-albuterol, 10 Ϫ6 M (S)-albuterol, or 10 Ϫ6 M racemic (R ϩ S) albuterol. GM-CSF message was normalized to ␤-actin message. Both (R)-and racemic albuterol significantly suppressed GM-CSF upregulation by the cytokines, whereas (S)-albuterol had no significant effect. Data are presented as mean Ϯ SEM (n ϭ 3-7). * Significantly greater than constitutive GM-CSF mRNA expression (P Ͻ 0.05);
† significantly lower than cytokineinduced GM-CSF mRNA expression (P Ͻ 0.01);
‡ significantly lower than cytokine-induced GM-CSF mRNA expression with exposure to (S)-albuterol (P Ͻ 0.01). (b ) NHBE cells were stimulated with 10 ng/ml each of IL-1␤ and IFN-␥ over a range of times in the presence of control medium, 10 Ϫ5 M (R)-albuterol, or 10 Ϫ5 M racemic albuterol. GM-CSF protein in culture media was measured by ELISA and normalized to total protein of cell lysates. Both (R)-and racemic albuterol significantly attenuated the increase in GM-CSF protein release elicited by IL-1␤ ϩ IFN-␥ after 12 h. Data are presented as mean Ϯ SEM (n ϭ 4-6). * Significantly greater than constitutive GM-CSF protein release (P Ͻ 0.01; ** ϭ P Ͻ 0.001).
† Significantly lower than cytokine-induced GM-CSF protein release (P Ͻ 0.01, † † ϭ P Ͻ 0.001). White bars, media only; light gray bars, IL-1␤ ϩ IFN-␥; dark gray bars, ϩ (R)-albuterol; black bars, ϩ racemic albuterol.
used for the remainder of the experiments described subsequently here.
(R)-Albuterol Suppresses Cytokine-Induced GM-CSF Augmentation
As illustrated in Figure 3 , (R)-and racemic albuterol at 10 Ϫ6 M attenuated the increase in GM-CSF message in NHBE cells exposed to IL-1␤ ϩ IFN-␥ after 12 h. Conversely, (S)-albuterol did not decrease GM-CSF message at any time point. Cytokinestimulated GM-CSF protein release was also attenuated by (R)-and racemic albuterol at all time points tested, with statistically significant suppression (P Ͻ 0.01) at 18 and 24 h, whereas (S)-albuterol had no effect (data not shown).
(R)-Albuterol Augments Cytokine-Induced iNOS Transcription via ␤ 2 -Adrenergic Receptor Activation
NHBE cells were exposed to IL-1␤ ϩ IFN-␥ in the presence of (R)-or (S)-albuterol over a range of concentrations (10 Ϫ8 to 10 Ϫ5 M) for 12 h. As illustrated in Figure 4 , (R)-albuterol augmented cytokine-induced iNOS message in a concentration-dependent manner, reaching statistical significance (P Ͻ 0.001) at 10 Ϫ5 M. (S)-albuterol, in contrast, did not significantly affect iNOS message, even at the highest concentration tested (10 Ϫ5 M). To ensure that (R)-albuterol was mediating its suppressive effects through the ␤ 2 -adrenergic receptor, selected cultures were incubated with the specific ␤ 2 -adrenergic receptor antagonist, ICI 118551. As illustrated in Figure 5 , 1 M ICI 116551 negated (R)-albuterol-mediated augmentation of iNOS message at 18 h, suggesting that ␤ 2 -adrenergic receptor activation is required for this action.
GM-CSF Suppression by (R)-Albuterol Is Mediated through iNOS
To link (R)-albuterol-mediated iNOS augmentation and GM-CSF suppression, RNA silencing of iNOS message was used. Although † significantly lower than iNOS message expression after cytokine ϩ (R)-albuterol treatment (P Ͻ 0.01). N.S., no significant difference (P Ͼ 0.05).
we have observed that chemical inhibition of iNOS can augment GM-CSF message (24) , RNA silencing is a more exact method to specifically target a particular transcript. NHBE cells were transfected using fugene 6 reagent and a 21-base annealed siRNA designed using human iNOS mRNA sequence and veri- 9 and 10) . These results suggest that iNOS is necessary for (R)-and racemic albuterol-mediated GM-CSF message suppression in NHBE cells exposed to cytokines. Dashed line represents constitutive GM-CSF expression. Data are presented as mean Ϯ SEM (n ϭ 3-4). * Significantly greater than constitutive GM-CSF expression (P Ͻ 0.05, ** ϭ P Ͻ 0.001);
† significantly lower than GM-CSF expression after treatment with iNOS silencing (P Ͻ 0.01);
§ significantly lower than cytokine-stimulated GM-CSF expression (P Ͻ 0.05). N.S., no significant difference (P Ͼ 0.05). (b ) NHBE cells were transfected and treated as described previously here, and GM-CSF protein in culture medium was measured by ELISA. The addition of iNOS small interfering RNA (siRNA) did not significantly affect cytokine-mediated GM-CSF protein release. However, (R)-albuterol (10 Ϫ5 M) significantly suppressed cytokine-mediated GM-CSF protein release, and iNOS silencing partially suppressed this effect. Dashed line represents constitutive GM-CSF protein release. Data are presented as mean Ϯ SEM (n ϭ 12). ** Significantly greater than constitutive GM-CSF protein release (P Ͻ 0.001); † † significantly lower than cytokine-induced GM-CSF protein release (P Ͻ 0.001); § significantly greater GM-CSF protein release compared with cytokine ϩ fugene 6 ϩ (R)-albuteroltreated cell cultures (P Ͻ 0.05).
fied to be effective in silencing experiments (Ambion). Fugene 6 reagent alone or a scrambled siRNA did not affect iNOS transcription in cytokine-stimulated NHBE cells, but addition of iNOS siRNA inhibited transcription by ‫ف‬ 60% (see online supplement, Figure E1 ). As illustrated in Figure 6a , silencing iNOS message negated the suppressive effect of (R)-and racemic albuterol on GM-CSF message levels. (S)-albuterol had no effect on GM-CSF message, with or without silencing. As illustrated in Figure 6b , iNOS silencing only partially negated (R)-albuterolmediated suppression of GM-CSF protein release, suggesting that (R)-albuterol may suppress GM-CSF post-transcriptionally through an additional pathway not involving iNOS, or that ‫ف‬ 60% silencing still left sufficient iNOS for partial GM-CSF suppression.
PKC␦ Mediates iNOS Expression
To determine PK involvement in (R)-albuterol upregulation of iNOS message, chemical inhibitors of PKA, PKC, PKC␦, and ᭣ Figure 7 . (R)-albuterol-mediated augmentation of iNOS message involves protein kinase (PK) C, but not PKA or PKG. NHBE cells were exposed to 10 ng/ml each of IL-1␤ and IFN-␥ for 12 h, together with either the PKG inhibitor (Rp)-8-pCPT-cGMPS (1 M), the PKA inhibitor H-89 (2 M), the PKC inhibitor calphostin C (500 nM), or the PKC␦ inhibitor rottlerin (3 M), in the presence or absence of 10 Ϫ5 M (R)-albuterol. iNOS message, normalized to ␤-actin message, was assayed by TaqMan real-time RT-PCR after total RNA isolation. Inhibition of PKG (a ) or PKA (b ) did not affect (R)-albuterol-mediated iNOS message augmentation in cytokine-stimulated cells. (c ) The PKC inhibitor calphostin C attenuated (R)-albuterol-mediated augmentation of iNOS message, suggesting PKC involvement in the response. Inhibition of PKC␦ with rottlerin negated both the (R)-albuterol-mediated increase in iNOS transcription and also IL-1␤ ϩ IFN-␥-induced iNOS transcription. There was no detectable constitutive iNOS expression in these cells. Dashed line represents IL-1␤ ϩ IFN-␥-induced iNOS expression. Data are presented as mean Ϯ SEM (n ϭ 3-7). * Significantly greater than cytokineinduced iNOS expression (P Ͻ 0.01, ** P Ͻ 0.001);
‡ significantly greater than inhibitor treated control (P Ͻ 0.01, ‡ ‡ ϭ P Ͻ 0.001); † significantly lower than cytokine ϩ (R)-albuterol-treated iNOS expression (P Ͻ 0.05). N.S., no significant difference (P Ͼ 0.05).
PKG (H-89, calphostin C, rottlerin, and [Rp]-8-CPTS-cGMPS, respectively) were used (PKA, PKC, and PKG activity have previously been shown to induce iNOS transcription) (25) (26) (27) . The results indicated that PKA and PKG inhibition did not block (R)-albuterol-mediated augmentation of iNOS message in cytokine-stimulated NHBE cells (Figures 7a and 7b) . The PKC inhibitor calphostin C (500 nM), however, did attenuate the (R)-albuterol-mediated increase in iNOS expression. In addition, PKC␦ inhibition with rottlerin (3 M) inhibited (R)-albuterol augmentation of iNOS message, and partially inhibited IL-1␤ ϩ IFN-␥ induction of iNOS message (Figure 7c ). To further implicate PKC involvement in this signaling pathway, PKC activity was assessed. As shown in Figure 8 To demonstrate that PKC activation can increase iNOS message, specific chemical activators were added to cytokine-stimulated NHBE cells. As illustrated in Figure 9a , activation of PKC with either phorbol 12-myristate 13-acetate (PMA), or with the specific PKC␦/⑀ activator bryostatin 1 augmented iNOS message over cytokine-induced levels at 8 h. Further evidence of PKC␦ involvement in mediation of iNOS message is illustrated in Figure 9b : both IL-1␤ ϩ IFN-␥-and PMA-induced iNOS expression were completely blocked with PKC␦ inhibition (rottlerin), whereas inhibition of PKC⑀ had no effect.
DISCUSSION
Nebulized administration of ␤ 2 -agonists is a common treatment for bronchoconstriction associated with asthma. Activation of ␤ 2 receptors by both long-and short-acting agonists has been linked to antiinflammatory actions in various lung cells. For example, ␤ 2 -adrenergic agonists suppress GM-CSF production in macrophages, smooth muscle cells, and epithelial cell lines (7, 9, (28) (29) (30) . Modulation of GM-CSF is particularly interesting because the epithelium has been suggested as a major source of GM-CSF production, especially in asthmatic airways (31) , and GM-CSF levels in bronchoalveolar lavage fluid of individuals with asthma correlate with eosinophilic infiltration and disease severity (32) . Mechanisms whereby GM-CSF production is regulated in airway epithelial cells have not been elucidated. The results described here suggest the existence of a novel signaling pathway involving iNOS (and its product, NO) in this mechanism, and suggest possible target(s) by which ␤ 2 -agonists may elicit their suppressive effects on GM-CSF production and release in airway epithelium.
The short-acting ␤ 2 -adrenergic agonist (R)-albuterol is commonly administered to patients in racemic form, containing equal parts of its enantiomers, (R)-and (S)-albuterol. In vitro binding experiments have demonstrated that (R)-albuterol is a potent ligand for the ␤ 2 -adrenergic receptor, exhibiting over 100-fold greater affinity than that of (S)-albuterol (33) . Based on this, many of the beneficial effects of racemic albuterol have been attributed to the "active" enantiomer, (R)-albuterol, discounting the (S)-enantiomer, which has been considered largely pharmacologically inactive. However, several recent reports suggest that (S)-albuterol may have deleterious effects, counteracting many of the therapeutic effects of (R)-albuterol when the racemic mixture is administered to patients (34) (35) (36) . A recent study in cultured airway smooth muscle cells showed that (S)-albuterol could partially counteract the suppression of GM-CSF production mediated by the corticosteroid, dexamethasone, whereas (R)-albuterol elicited additional suppression (37) . In our studies with bronchial epithelial cells, (S)-albuterol did not significantly affect the increase in GM-CSF expression provoked by exposure of the cells to cytokines. In addition, suppression of GM-CSF protein release by racemic albuterol was similar to the effect of (R)-albuterol alone. At shorter time points, however, 10 Ϫ5 M (S)-albuterol appears to downregulate iNOS message and subsequent cGMP production in NHBE cells (24, 38) suggesting that this enantiomer is pharmacologically active in airway epithelial cells.
In vivo, iNOS is expressed in bronchial epithelium of normal adults (10) . This constitutive expression appears to be lost when these cells are placed in tissue culture (10, 13) , but iNOS expression can be "recovered" with exogenous application of cytomix (TNF-␣, IL-1␤, and IFN-␥ [39] ). In the present study, the combination of 10 ng/ml IL-1␤ and IFN-␥ elicited comparable (or even larger) levels of iNOS expression in NHBE cells after 12-h exposure compared with total cytomix, which includes TNF-␣. These data agree somewhat with findings reported by Kwon and colleagues (40) , in which substantial synergy between IL-1␤ and IFN-␥ in iNOS monomer production was observed in the A549 alveolar epithelial cell line. The root of this synergy may stem from co-activation by IL-1␤ and IFN-␥ of two separate transcription factors that promote iNOS expression, NF-B and interferon regulatory factor-1 (IRF-1), respectively (41, 42) . However, in contrast to the study by Kwon and coworkers, these specific cytokines did not elicit significant iNOS message expression in NHBE cells when administered singly, nor was there any synergistic effect with addition of TNF-␣. This may simply be due to differences between immortalized, transformed, or cancerderived cell lines and the primary cell cultures used in our studies. In addition, the cytokine concentrations used in our study were ‫ف‬ 10-fold less than those used with A549 cells, which may "dilute" a potential effect of TNF-␣ on iNOS expression in these cells.
Nitric oxide and its inducible synthase have previously been reported to play a role in GM-CSF expression in human bronchial 10 nM) , or the specific PKC␦/⑀ activator bryostatin 1 (10 nM), were added for 1, 4, and 8 h, at which times iNOS message levels also were measured. Both PMA and bryostatin 1 augmented iNOS message at 8 h. Data are presented as mean Ϯ SEM (n ϭ 6). * Significantly more than cytokine-induced iNOS expression (P Ͻ 0.01, ** ϭ P Ͻ 0.001). (b ) PMA (10 nM) was added to NHBE cells for 8 h in the presence of either control medium, calphostin C (500 nM), rottlerin (3 M), or PKC⑀ translocation inhibitor peptide (300 M), and iNOS message was assessed. In selected wells, the PMA negative control, 4␣-PMA (10 nM), was added in place of PMA. The increase in iNOS message in response to PMA was attenuated by either calphostin C or rottlerin, suggesting that PKC␦ was involved. Neither the PKC⑀ translocation inhibitor nor 4␣-PMA affected iNOS expression. PKC activation alone with bryostatin 1 (10 nM) in the absence of IL-1␤ ϩ IFN-␥ did not affect iNOS expression (data not shown). Data are presented as mean Ϯ SEM (n ϭ 4-8). * Significantly greater than cytokine-induced iNOS expression (P Ͻ 0.001);
† significantly lower than cytokine ϩ PMA-induced iNOS expression (P Ͻ 0.001). N.S., no significant difference (P Ͼ 0.05).
epithelial cells. Sanders and colleagues (20) elegantly demonstrated that administration of exogenous NO (using the chemical NO donor, NONOate) reduced GM-CSF message and protein levels that were enhanced in human rhinovirus-infected BEAS-2B bronchial epithelial cells via a transcriptionally regulated event. In addition, we have previously demonstrated that GM-CSF expression is increased in NHBE cells in which iNOS is chemically inhibited, suggesting that iNOS plays a role in suppression of GM-CSF expression (38) . In the studies reported here, the kinetics of the GM-CSF response of NHBE cells to cytokine stimulation (Figure 1b ) are consistent with a role for one or more autocrine or paracrine factors from airway epithelial cells that could have acted subsequently to affect GM-CSF production. For example, airway epithelial cells can produce an array of eicosanoids that have been shown to affect expression of GM-CSF, such as PGE2 (43, 44) .
In light of findings of previous studies demonstrating that ␤-adrenergic agonists increase iNOS activity and NO production in airway epithelium (18, 19, 45) , it was hypothesized that ␤ 2 -adrenergics may elicit suppressive effects on GM-CSF expression through an iNOS-dependent pathway. We found that (R)-albuterol increased iNOS message levels in IL-1␤ ϩ IFN-␥-stimulated NHBE cells. We further explored this regulation by investigating the potential roles of specific protein kinases shown in other studies to regulate iNOS. Cyclic AMP-dependent PKA is known to modulate many effects mediated by the ␤ 2 -adrenergic receptor, but PKA did not appear to be involved in GM-CSF modulation by albuterol, as treatment with the PKA inhibitor isoquinolinesulfoamide (H-89) did not prevent (R)-albuterolmediated upregulation of iNOS. Previous studies with rottlerin, calphostin C, and most of the inhibitors/agonists used in these experiments have indicated that they do affect their "target" molecules (21, 46) . However, there is always the possibility that any of these pharmacologic agents can also affect other molecules and pathways that may not be apparent. For example, the specificity of isoquinolinesulfonamides has recently been questioned, and these compounds may possibly influence actions of other enzymes. Although a relatively low concentration of H-89 was used in this study, the possibility that PKA may still be involved in ␤ 2 -adrenergic receptor-mediated augmentation of iNOS expression in NHBE cells cannot entirely be ruled out (28, 47) .
Our results do suggest, however, that PKC, in particular the ␦ isoform, seems to be involved in (R)-albuterol-mediated iNOS expression. Rottlerin is a compound that specifically inhibits PKC␦ and , but, because NHBE cells do not contain the PKC isoform (46) , it serves as a specific inhibitor of PKC␦ in these cells. In our studies, rottlerin not only prevented (R)-albuterol (and PMA) upregulation of iNOS, but also attenuated full induction of iNOS by IL-1␤ ϩ IFN-␥. This finding is supported by results of a study by Carpenter and colleagues that demonstrated that IL-1␤ activation of PKC␦ stabilized iNOS message in pancreatic ␤-cells (48) . In our studies, (R)-albuterol augmented PKC activity initially, but the activity of PKC began to decrease after 6-h exposure. This was not surprising, as prolonged PKC activation can lead to downregulation through proteolytic cleavage, especially for PKC isozymes that bind biologically active phorbol esters (for review see Ref. 49) . Increased PKC activity with exposure to PMA did increase iNOS expression, implicating involvement of these PKC isozymes. The PKC␦ activator bryostatin 1 also increased iNOS expression in a similar manner. Overall, the results suggest that PKC␦ plays an important role in this pathway.
iNOS message silencing, involving transfection of doublestranded iNOS siRNA into primary NHBE cells, was used to investigate involvement of iNOS in GM-CSF suppression. Although we show that iNOS silencing significantly negated (R)-albuterol-induced suppression of GM-CSF message, alteration of GM-CSF protein release was not as dramatic (although still statistically significant). There are several explanations for this discrepancy. First, siRNA transfection into primary cultures is exceedingly difficult, which is why most silencing studies involve established cell lines that better tolerate the invasive reagents used to transfect siRNA or plasmid constructs. Primary cultures are much more sensitive to their environmental surroundings, so a fine balance between the amount of transfection reagent that does not deleteriously alter normal cell function and the largest achievable message knockdown must be established. It was found that only an average of ‫ف‬ 60% knockdown of iNOS message could be realized without transfection procedures being toxic to the cell or without altering baseline gene expression of our measured targets. Thus, there still existed a significant level of iNOS activity in "silenced" NHBE cells that could affect iNOS-mediated alteration of the measured endpoints. Thus, alteration of (R)-albuterol-induced suppression of GM-CSF protein release with iNOS silencing could have been somewhat underestimated. Second, there are likely multiple signaling pathways involved in ␤ 2 -adrenergic-mediated suppression of GM-CSF, including both transcriptional and post-transcriptional mechanisms. There is indeed evidence for post-transcriptional regulation of GM-CSF protein release in A549 cells in response to IL-1␤ stimulation (50) , so this is a potential possibility in NHBE cells.
In summary, the results of this study indicate that ␤ 2 -adrenergic receptor activation by the short-acting agonist (R)-albuterol can effectively suppress GM-CSF expression and protein release in cytokine-stimulated NHBE cells in primary culture. In addition, we show, for the first time, that this potential antiinflammatory activity is mediated through iNOS, where its expression relies on the activity of the PKC␦ isoform. (R)-albuterol-mediated augmentation of iNOS expression also appears to be independent of PKA. Interestingly, GM-CSF production has been positively correlated with eosinophilic influx and function in vivo (51) , and patients with asthma who take ␤-agonists do have reduced numbers of activated eosinophils in serum and bronchial mucosa (52) . A possible beneficial antiinflammatory effect, then, of ␤ 2 -adrenergic receptor agonists could be to downregulate epithelial production of GM-CSF via a pathway dependent on the function of iNOS.
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